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This  i n v e s t i g a t i o n  of r a d i a t i o n  from rocket-engine gases  was i n i t i a t e d  
wi th  a n a l y t i c a l  s t u d i e s  of t he  r a d i a t i v e  energy t r a n s f e r  from an exhaust  
plume t o  t h e  base reg ion  of a boos te r  veh ic l e .  A t t en t ion  was f i r s t  devoted 
t o  semi-inf i n i t e  c y l i n d r i c a l  and i n f i n i t e  con ica l  gas  bodies  of uniform 
temperature  and composition. The procedures developed a r e  descr ibed  i n  t h e  
f i r s t  s e c t i o n  of t h e  p r e s e n t  r epor t .  Also included a r e  r e s u l t s  for t h e  
s e m i - i n f i n i t e  c y l i n d r i c a l  plume. These a r e  i n  t h e  form of the  s p e c t r a l  
apparent  emis s iv i ty  of t h e  gas  body a s  viewed from t h e  bore reg ion .  
The r e l a t i o n s h i p  f o r  t he  s p e c t r a l  apparent  e m i s s i v i t y  i s  i n  i n t e g r a l  
form. An a n a l y t i c a l  express ion  was obtained f o r  s e m i - i n f i n i t e  c y l i n d r i c a l  
gas  bodies  of small  absorp t ion  c o e f f i c i e n t .  For o t h e r  cases  resul ts  were 
obta ined  by ?umerical  i n t e g r a t i o n s .  Curves f o r  t h e  s p e c t r a l  apparent  
e m i s s i v i t y  a r e  presented  a s  a func t ion  of t h e  r a d i a l  d i s t a n c e  i n  t h e  base 
p l ane  of t he  gas  body. The height  of t he  engine nozz le  and t h e  s p e c t r a l  
abso rp t ion  c o e f f i c i e n t  appear a s  parameters .  
An approximate method of c a l c u l a t i n g  the  t o t a l  apparent  emis s iv i ty  
based on t h e  mean pa th  l e n g t h  concept was developed. This  is  i l l u s t r a t e d  
by applying the  method t o  the  c a l c u l a t i o n  of t he  t o t a l  apparent  emis s iv i ty  
of s e m i - i n f i n i t e  c y l i n d r i c a l  gas bodies  composed of CO a t  2500 OR and 2 
H ~ O  a t  2000 OR. 
These t o t a l  apparent  emiss iv i ty  c a l c u l a t i o n s  c a l l e d  a t t e n t i o n  t o  the  
need f o r  complete knowledge of a l l  t h e  i n f r a r e d  abso rp t ion  c h a r a c t e r i s t i c s  




program was undertaken to study systematically the infrared spectral charac- 
teristics of a number of common combustion products under a variety of 
accurately known thermodynamic and optical conditions. 
The second section of this report reviews the considerations which led 
to the construction of a high-temperature furnace system for infrared spectral 
absorption studies up to temperature of about 2000 K. The apparatus consists 
of a graphite resistance furnace with an inner ceramic tube for containment 
of high-temperature gases. Data f o r  the fundamental band of CO at temperatures 
of 300 K and 1800 K and at pressures from 0.25 to 3.0 atmospheres are 
presented. Comparison with existing experimental data shows agreement 
within 15 per cent. Future experimental plans include CO measurements at 
intermediate and possibly higher temperatures and similar measurement of 
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PLUME RADIATION STUDIES 
Calcu la t ion  of the  Rocket Engine Exhaust Plume Radia t ion  t o  t h e  Base Region 
This  s e c t i o n  desc r ibes  the r e s u l t s  of ana lyses  of t h e  r a d i a t i v e  energy 
t r a n s f e r  from rocke t  exhaust  plumes t o  t h e  base  reg ions  based on i d e a l i z e d  
phys ica l  models. Consider a s emi - in f in i t e  c y l i n d r i c a l  gas  body of uniform 
temperature  and composition, emi t t ing  and absorbing r a d i a t i v e  energy a s  shown 
i n  F ig .  1. The gas  body is  separated from a d i f f e r e n t i a l  a r ea  dA by a non- 
absorbing medium. N o  s c a t t e r i n g  of r a d i a t i o n  e x i s t s  i n  the  s y s t e m .  The 
s p e c t r a l  apparent  e m i s s i v i t y ,  def ined a s  t h e  r a t i o  of t h e  r a d i a t i v e  energy 
f l u x  t o  t h a t  of a b lack  body a t  t h e  same temperature ,  is given a s ,  1 
= 1s [ (1-e -A h S ) s i n  B cos  f3 dB d'P 
A r c  E 
B ' P  
where A 
r is t h e  r a d i u s  of t h e  c y l i n d r i c a l  body, and thepa th  l e n g t h  s is a f u n c t i o n  
of the  he igh t  of s h i e l d i n g  h ,  the  r a d i a l  d i s t a n c e  i n  t h e  base p lane  r ,  the  
= a A ro, S = (s/ro), ah i s  t h e  l i n e a r  s p e c t r a l  absorp t ion  c o e f f i c i e n t ,  A 
0 
azimuth angle  O and the  p o l a r  angle  B.  Thus S = S ( H ,  R ,  'P, B) and E - 
( H ,  R ,  A 1, where H = (h / r  ) and R = (r/r 1. 
A - 'A 
A 0 0 
Equation (1) can be rearranged i n t o  a d i f f e r e n t  form a s  E = F - E 
A he, 
where 9 i s  the  conf igu ra t ion  f a c t o r  
n n  
B O  
and E can be regarded as  the c o n t r i b u t i o n  due t o  the  f i n i t e  absorp t ion  
hC 
2 
c o e f f i c i e n t  of t h e  gas  body 
n n  
-A S e h- sinf53cosP df5 d6 hc = n (3) 
A moreconvenient form f o r  t h e  i n t e g r a t i o n  of F and e can be accomplished by 
in t roduc ing  @ , t he  p r o j e c t i o n  of p o l a r  angle  f5 on to  t h e  v e r t i c a l  p l ane  a s  




can be w r i t t e n  a s :  
8 
1 2 2 '  
cos 6 tan@ sec !3 1 
2 2 ' 2  (cos 6 + t a n  f5 ) 
2 df5 cI@ F = -  
1 2 -1 R -1 (R" where 
(4 )  
( 5 )  
-1 
and 6 = s i n  ( l /R) .  Equation (4) can be i n t e g r a t e d  d i r e c t l y  by f i r s t  i n -  
t e g r a t i n g  wi th  r e s p e c t  t o  t a n  @ i n s t e a d  of f3 , and the  r e s u l t  i s  
0 
2 '  1 
1 t -1 ' 
F(H,R) = - s i n  @ t a n  ( s i n  @ t an  O0) 
r[ 0 0 
1 
The upper l i m i t  fi a s  i l l u s t r a t e d  i n  F ig .  1 is  being approximated a s  t h e  
a r i t h m e t i c  mean of t h e  two l i m i t i n g  ang le s ,  f5, and @, , f o r  t he  p a r t i a l l y  
viewed region due t o  s h i e l d i n g .  I n  the  l i m i t i n g  c a s e  of @ = ~r /2  ( co r re -  





F(O,R)  = (l/n) sin-'  (i/~). 
The t e r m  E def ined  i n  Eq. (3) can be expressed from simple geometric 
h C  
cons ide ra t ions  as :  I 
1 2 2 '  
2 2 ' 2  
.-AhS cos 6 tanp  sec @ ' 
(cos 6 + t an  @ ) 
@, @o 
df5 d6 E (H,R) = 2_ h c  J( 
, 
3 
where the  dimensionless  pa th  length  a s  shown i n  F ig .  1 is  g iven  by 
The i n t e g r a l  i n  Eq.  
l o c a t i o n s  s p e c i f i e d  by H 
can be obta ined  through 
(H = 0) ,  t h e  asymptot ic  
where E and E a r e  the 
1 2 
2 2 @) 1/2 2 2 ' 1/2 (cos  @ + t a n  /3 ) (1-R s i n  
( 7 )  must be eva lua ted  numerical ly  a t  d i f f e r e n t  
and R. Two asymptot ic  expres s ions  f o r  E however, 
hc ' 
d i r e c t  i n t e g r a t i o n .  I n  the case  of no s h i e l d i n g  
expression of E f o r  A << 1 i s  given a s :  2 
h A 
e l l i p t i c  i n t e g r a l s  of t h e  f i r s t  and second k inds ,  
r e s p e c t i v e l y .  For  l a r g e  R ,  the  s p e c t r a l  apparent  emis s iv i ty  can be expressed 
a s  E ( 0 , R )  = A /R. For the case wi th  s h i e l d i n g  (H f 01, the r e s u l t  f o r  




Numerical r e s u l t s  for t h e  s p e c t r a l  apparent  e m i s s i v i t y  i n  the  base p lane  
of a s e m i - i n f i n i t e  c y l i n d r i c a l  gas  body a r e  presented i n  F ig .  2. They were 
obta ined  by use  of a 7090 D i g i t a l  Computer. I n  comparison w i t h  t h e  numerical  
r e s u l t s ,  t he  asymptot ic  expression i s  found t o  be a good approximation f o r  
Ah < 0 . 1 .  
a p p l i c a b l e  t o  the  c a l c u l a t i o n  of the t o t a l  apparent  e m i s s i v i t y  i f  the  gray-  
I t  should be noted t h a t  a l l  t h e  above r e s u l t s  a r e  d i r e c t l y  
g a s  assumption is employed. I n  t h a t  c a s e ,  A = A ,  and E = E. 
h h 
The t o t a l  apparent  emis s iv i ty  can be  c a l c u l a t e d  without  making the  gray 
4 
gas assumption by utilizing the concept of mean path length. In view of the 
expression in Eq. (11, a dimensionless mean path length L may be con- 
veniently defaned as 
-A L 
E, S F  (1-e h ) 
h 
When A << 1 ,  E = FA L ,  which can be compared with the asymptotic expression 
of for H = 0 and A << 1 ,  and gives 
h h h 
A 
A numerical check reveals that the values of E obtained by use of the mean 
path length, Eq. (11) and Eq. ( 1 2 1 ,  agree very well with the numerically 
calculated results for all values of A It is also obvious that the agree- 
ment becomes exact at two limits, A = 0 and A + w . This indicates that 
the restriction of A << 1 can also be removed, although no rigorous proof 









2 '  
7 l  cos Bo 2 
RE2 (;, E 1 ) - (7)R -1 E :)+ 
16 R3 1 S ' R  
4 sin Bo 
-1 L ( H , R )  = tan (sinPo tan @ 
0 
(13) 
The above equation is chosen based on the consideration that it should reduce 
to Eq. (12) as H + 0, and to the asymptotic expression of L for A << 1, 




obtained from E q s .  (11) and (131, and the numerical results from the computer 
indicates that the condition A << 1 is not necessary in the present case. 
The values of L as a function of H and R are plotted in Fig. 3. With the 
h 
expression of L as given in E q .  (13), one can calculate the total apparent 
emissivity with a given infrared absorption spectrum according to 
7 
-A L 
E(H,R) = FZ (1-e i ( D ~ ~ - D ~ ~ )  
i 
where the functions 
are called the relative cumulative spectral radiance of a black body, and 
are tabulated as a function of temperature and freq~ency.~ The constants 
c and c are the radiation constants in the Planck distribution. 1 2 
By using the available absorption measurements for CO and H 0 at high 2 2 
temperatures4’ 
are presented in Figs. 4 and 5 .  
by comparing Fig. 4 with corresponding E -figures, Fig. 2 ,  that the effective 
wavelength-independent coefficient A is about 0 . 0 5  for all four values of 
H. 
numerical calculations have been performed and the results 
* 0 For C 0 2  at 2 5 0 0  R and 1 atm., it is found 
A 
For H 0 at 2000 OR and 1 atm., the value of A is about 0 . 2 5  for 2 
different values of H. 
* A more exact numerical calculation based on the line-of-sight integration 
has been reported by S. deSoto (S. deSoto, The Radiation From an Axisy- 
mmetric: Real Gas System With a Non-Isothermal Temperature Distribution, 
presented at the Seventh National Heat Transfer Conference, Cleveland, 
Ohio, August, 1964). As shown in Figs. 6 and 7, the approximate results 
of this report are in good agreement with the more accurate calculations. 
6 
A procedure f o r  c a l c u l a t i n g  t h e  apparent  emis s iv i ty  of con ica l  gray-  
gas  bodies  has  been given i n  r e f .  2 .  Numerical r e s u l t s  were obtained for 
con ica l  gas  bodies  of apex angles  of 20,  60 and 120 degrees .  
Ca lcu la t ions  of Mean Pa th  Length for a Radia t ing  Gas 
I t  has been demonstrated in  t h e  prev ious  s e c t i o n  t h a t  t h e  use  of mean- 
pa th- length  concept g r e a t l y  s i m p l i f i e s  t he  a n a l y s i s  of t h e  probe. The 
numerical  c a l c u l a t i o n  of t he  f i n a l  r e s u l t s ,  however, s t i l l  relies on a given 
i n f r a r e d  spectrum. The scope of t h i s  c a l c u l a t i o n  technique would be increased  
i f  t h e  fo rmula t ion  of mean path l e n g t h  i s  based on c e r t a i n  g e n e r a l  r e l a t i o n s  
about  i n f r a r e d  abso rp t ion  ins tead  of t h e  d e t a i l e d  knowledge of i n f r a r e d  
spectrum. Recent ly ,  Olfe(6)  has s t u d i e d  t h e  mean pa th  l e n g t h  based on 
va r ious  t h e o r e t i c a l  band absorp t ion  models, and has  obta ined  expres s ions  of 
t h e  mean pa th  l eng th  f o r  some simple enc losu re  geometr ies .  However, i n  view 
of t he  r e c e n t  experimental  evidence,  a more r e a l i s t i c  c a l c u l a t i o n  of mean 7 
pa th  l e n g t h  i s  f e a s i b l y  by use  of t he  exper imenta l ly  e s t a b l i s h e d  express ions  
for band a b s o r p t i v i t y  8 '9 .  
by c e r t a i n  theore  t i c a  1 arguments 
Indeed, t hese  express ions  could a l s o  be supported 
8,lO 
The r a d i a n t  energy f l u x ,  based on a s i n g l e  band, from an i so thermal  gas  
volume to  a d i f f e r e n t i a i  eiement of its conf in ing  surface is giveii  by 
7 
where t h e  i d e n t i t y  i n  equat ion  (16) d e f i n e s  t h e  mean p a t h  l eng th  L.  I n  
equat ion  (161, il is t h e  s o l i d  angle  subtended by a g a s  volume, (1) t h e  wave 
number, p t he  d i s t a n c e  between the  d i f f e r e n t i a l  element on the  conf in ing  
s u r f a c e  and t h e  d i f f e r e n t i a l  gas volume, R t h e  Planck func t ion  f o r  mono- 
chromatic blackbody r a d i a n t  energy, 0 t h e  angle  between p and the  normal t o  
w 
t he  d i f f e r e n t i a l  e lement ,  (p)  t h e  s p e c t r a l  emis s iv i ty  f o r  a gas  of path 
- 
t he  average value of R i n  t h e  wave-number i n t e r v a l  of t he  
Ru) CL, 
l e n g t h  p ,  
emission band, and A the  band emiss iv i ty .  
- 
Under the  approximation R = Rcu u) 
i n  t h e  emission wave-number i n t e r v a l ,  equa t ion  (16) becomes 
where t h e  i n t e g r a t i o n  wi th  respect t o  p i n  equa t ion  (16) is  c a r r i e d  o u t  from 
z e r o  t o  r.  I n  the  l i m i t i n g  case of t r a n s p a r e n t  g a s ,  t h e  s p e c t r a l  emis s iv i ty  
and consequently the  band emiss iv i ty  w i l l  be d i r e c t l y  p ropor t iona l  t o  r and 
t h e r e  for lows  from equat ion  (18) 
n 
which i s  t h e  mean pa th  l e n g t h  f o r  a t r a n s p a r e n t  gas .  
I t  should be noted t h a t  with t h e  approximations R (Tg) = Rco (T ) and 
(I, g 
Ru (Ts) = (Ts) i n  a s i n g l e  band, where T and T denote  temperatures  of 
g S 
gas  and source  r e s p e c t i v e l y ,  t h e  band e m i s s i v i t y  A i s  i d e n t i c a l  t o  t h e  band 
a b s o r p t i v i t y .  I n  t h e  fol lowing,  t h e  mean pa th  l e n g t h  w i l l  be c a l c u l a t e d  
based on two exper imenta l ly  e s t ab l i shed  c o r r e l a t i o n s  f o r  t he  band a b s o r p t i v i t y ,  
8 
A ( r ) .  
Recent experimental  s t u d i e s  8’9 have ind ica t ed  t h a t  t he  power-law type 
of c o r r e l a t i o n  
( 2 0 )  
a b  
A = C w P (0.5 a 1, 0 s b s- 0 . 5 )  
e 
a p p l i e s  success fu l ly  t o  a s u b s t a n t i a l  reg ion  of t he  mass p a t h  l eng th  w ( t h e  
product  of geometr ic  pa th  length r and the  p a r t i a l  p re s su re  of t h e  absorbing 
g a s ,  and t h e  equ iva len t  pressure  P (a  p re s su re  which t akes  account  of e 
d i f f e r e n c e s  between self-broadening and foreign-gas broadening ) .  This  
c o r r e l a t i o n  inc ludes  a s  i t s  spec ia l  ca ses  t h e  w e l l  known r e l a t i o n s  A a W 
f o r  non-overlapping weak l i nes  and A OC (w P f o r  non-overlapping s t rong  
l i n e s .  But i t  f u r t h e r  sugges ts  t h a t  t h e r e  e x i s t s  a s u b s t a n t i a l  range of w 
and P i n  which non-overlapping s t r o n g  l i n e s  and weak l i n e s  appear t oge the r  




. ._ . 
I n  w r i t i n g  equat ion  (21) i t  has been assumed t h a t  a l l  t he  p a t h  l e n g t h s  r of 
t h e  gas  enc losu re  a r e  i n  t h e  range such t h a t  equat ion  (20) ho lds .  However, 
. . __  - - - . 
ex tens ion  t o  gas  enc losures  cons i s t ing  of 
c o r r e l a t i o n  poses no p a r t i c u i a r  problem. 
For a s p h e r i c a l  enc losure ,  r = D cos 
sphe re ,  equat ions  (19) and (21) g i v e  
var ious ranges of abso rp t ion  
@ where D i s  t h e  diameter  of t h e  
3 2  0 2  - -  L l ’ a , L  = - D  
3 
I .  
9 
For an enc losu re  c o n s i s t i n g  of two i n f i n i t e  p a r a l l e l  p l anes ,  r = h/cos @ 
where h is  the  th ickness  of the  p lane  l a y e r ,  t h e r e  fo l lows  
The r e s u l t  f o r  an i n f i n i t e  c i r c u l a r  c y l i n d r i c a l  enc losure  of d iameter  D is 
For  a f i n i t e  c y l i n d r i c a l  enc losure ,  t h e  pa th  l e n g t h  t o  t h e  c e n t e r  of t h e  base 
is  r = R/sin @ f o r  @ 2 0 and r = h/cos 0 5 @ where R i s  the  r a d i u s  of the  
c y l i n d e r ,  h t he  h e i g h t  and @ = t a n  (R/h). The mean pa th  l e n g t h  t o  the  c e n t e r  




- -  1 - - [ ( -  ha ) (1-cos (2-a)oo) + 2 Ra (1-s in  ] (25) 
@ O )  LO Lo 
and Lo = 2 [h( l -cos  d) + R (1-s in  a0) ] ( 2 6 )  0 
I n  the  prev ious  t rea tment  of mean p a t h  l e n g t h  by O l f e ( 6 ) ,  t h e  band width 
DLD is  taken a s  a f i x e d  cons tan t  va lue .  This  i s  approximately c o r r e c t  a s  long 
a s  t h e  band does n o t  become s a t u r a t e d .  When a p o r t i o n  of t h e  band becomes 
s a t u r a t e d ,  t h e  band wing w i l l  spread o u t .  Consequently,  i n s t e a d  of approach- 
i n g  an upper l i m i t ,  t he  band a b s o r p t i v i t y  w i l l  i n c r e a s e  cont inuously wi th  
t h e  inc reas ing  mass pa th  length and equ iva len t  p re s su re .  The c o r r e l a t i o n  of 
l oga r i thmic  form 899 
m 
A =E + F I n  (w P ) (m 1) (27) e 
10 
has been found t o  r e p r e s e n t  success fu l ly  t h i s  spread e f f e c t  a t  very l a r g e  
va lues  of w and P . From equat ions (18) and (271, t he  mean pa th  l e n g t h  f o r  
t h e  p re sen t  case  i s  expressed as 
e 
r n 1 
where the  assumption has  a l s o  been made t h a t  a l l  t h e  pa th  l eng ths  of t he  gas  
enc losu re  a r e  i n  t h e  range such t h a t  equat ion  (27) holds. The express ion  of 
mean pa th  l e n g t h  f o r  va r ious  simple geometr ies  a r e  
f o r  a s p h e r i c a l  enc losu re  
L - = (1/2)e1!2 = 0.825 
LO 
f o r  an enc losu re  c o n s i s t i n g  of two i n f i n i t e  p a r a l l e l  p l a n e s ,  
- L = 4e -3/2 = 0.892 
LO 
(30) 
for an i n f i n i t e  c i r c u l a r  c y l i n d r i c a l  enc losu re ,  and 
1 2 2 2 L 
L 
exp [ ( l n  h) s i n  a0 + ( In  R) cos 9 0 + ( In  s i n  9 0 ) s i n  
LO 
0 
+ ( I n  ,cas 4 cos ’@ + 1/2 
0 0 J 
for r a d i a t i o n  t o  the  c e n t e r  of t h e  base of a f i n i t e  c i r c u l a r  cy l inde r .  
The above d i scuss ion  of mean pa th  l e n g t h  based on t h e  power-law and 
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loga r i thmic  express ions  of band a b s o r p t i v i t y  could be e a s i l y  extended t o  the  
c a l c u l a t i o n  of r a d i a t i o n  from a c y l i n d r i c a l  gas  body t o  i t s  o u t e r  base.  
For  t h e  s p e c i f i c  enc losure  geometr ies  considered above, i t  can be r e a d i l y  
0 seen  t h a t  i n  t h e  whole range from smal l  t o  very s t r o n g  abso rp t ion ,  L < L . 
This  c r i t e r i o n  can be  shown t o  hold f o r  a l l  enc losu re  geometr ies .  From 
Equat ions (19), (21) and (281, i t  fo l lows  
r a  (p - 1) cos 0 d R =i [ ( ~p 1 -1 ] cos@ d n = cos0  d R = o 
where L and L denote  t h e  mean p a t h  l eng th  based on t h e  power-law and the 
loga r i thmic  abso rp t ion  c o r r e l a t i o n s ,  r e s p e c t i v e l y .  S ince  for 0.5 2 a 5 1 
P 1 
the  fo l lowing  i n e q u a l i t y  must hold 
LO * Lp 2 L1 
0 
Therefore ,  the mean p a t h  length  L i s  the upper l i m i t  of t he  mean pa th  
l e n g t h  L based on t h e  experimental ly  e s t a b l i s h e d  abso rp t ion  c o r r e l a t i o n s .  
For  the  case  t h a t  the  geometric beam l eng th  r i s  independent of s o l i d  
ang ie  G (i.e., a hemisphere) equat ions  (19) 
I n  o t h e r  words, f o r  enc losure  geometr ies  having r e l a t i v e l y  smal l  v a r i a t i o n  
of r ,  Lo x L 
enc losu re  geometr ies  considered.  
(21) and (28) g ive  Lo = Ln = L, - 5- 
L1. T h i s  i s  a l s o  confirmed i n  the  r e s u l t s  f o r  t h e  s p e c i f i c  P 
12 
EXPERIMENTAL DETERMINATION OF INFRARED 
ABSORPTION OF HIGH-TEMPERATURE GASES 
I n  t roduc t i  on 
Theore t i ca l  de te rmina t ion  of t h e  i n f r a r e d  s p e c t r a  of high-temperature 
gases  i s  o f t e n  formidable  due t o  t h e  inc reas ing  complexity of t he  exc i t ed  
s t a t e s  a t  h igh  temperatures  . Consequently,  many experimental  systems have 
been developed r e c e n t l y  f o r  i n f r a red  measurements of gases  a t  high temperatures .  
They can be c l a s s i f i e d  i n t o  three  groups: 
17 ,18 ,19  (2) shock tubes 15'16 and furnaces  
s t u d i e d  wi th  a combustion system (open exhaus t  je t )  a r e  l i m i t e d .  Moreover, 
because of band i n t e r f e r e n c e  of va r ious  s p e c i e s ,  i t  may no t  be  p o s s i b l e  t o  
determine t h e  i n f r a r e d  absorpt ion due t o  t h e  p a r t i c u l a r  s p e c i e s  under i n v e s t -  
i g a t i o n .  The shock-tube s y s t e m  probably provides  t h e  most a c c u r a t e  r e s u l t s  
f o r  s p e c t r a l  abso rp t ion ,  bu t  due t o  t h e  extremely s h o r t  t i m e  for obse rva t ion ,  
on ly  one measurement a t  a s p e c i f i c  wavelength can be  made dur ing  one test .  
Thus t h e  shock-tube system i s  imprac t i ca l  f o r  d e t e c t i o n  of t h e  e n t i r e  i n f r a r e d  
spectrum of a gas .  I n  both combustion and shock-type s y s t e m s ,  i t  i s  a l s o  
very d i f f i c u l t  t o  vary t h e  thermodynamic and o p t i c a l  cond i t ions  of t h e  g a s ,  
such a s  t h e  temperature  , pressure and pa th- length.  With fu rnace  s y s  t e m s  , 
abso rp t ion  measurements of a v a r i e t y  of gases  can be  made and a more f l e x i b l e  
c o n t r o l  of thermodynamic and o p t i c a l  cond i t ions  i s  poss ib l e .  Such appara tus  
12  
(1) combustion systems 13, 14 9 
. The d i f f e r e n t  gases  which can be 
13 
0 
has been l i m i t e d  t o  t h e  temperatures up t o  about  1200 K ,  however, because of 
o p t i c a l  window and o t h e r  ma te r i a l  l i m i t a t i o n s .  
I n  the  p re sen t  work, t h e  design of a new fu rnace  system, which w i l l  
0 
o p e r a t e . a t  temperatures  up to  about 2000 K is descr ibed .  The appara tus  
c o n s i s t s  e s s e n t i a l l y  of a g raph i t e  r e s i s t a n c e  fu rnace  wi th  an i n n e r  ceramic 
tube  f o r  containment of high-temperature g a s e s ,  and an o p t i c a l  sys t em f o r  
d e t e c t i o n  of i n f r a r e d  absorpt ion.  Data on t h e  CO fundamental band have been 
obta ined  a t  temperatures  of 300 K and 1800 OK f o r  path- lengths  of 10 cm and 
20 c m  and p res su res  varying from (1/4) t o  3 atmospheres. Comparison wi th  
e x i s t i n g  experimental  d a t a  ''j20 shows agreement wi th in  15 percent .  
0 
I n f r a r e d  AbsorDtion Svstems 
The appara tus  f o r  i n f r a r e d  s p e c t r a l  abso rp t ion  s t u d i e s  i s  shown sch-  
ema t i ca l ly  i n  F ig .  8. A photograph of t h e  system i n  t h e  l abora to ry  i s  
presented  i n  F ig .  9 .  I t  c o n s i s t s  o f :  (1) a g l o b a r  sou rce  wi th  a chopper 
b l ade  f o r  a l t e r n a t i n g  the  input  to  t h e  energy sens ing  element,  (2) a h igh  
temperature  fu rnace  which incorpora tes  t h e  gas  test c e l l ,  (3) a monochrometer 
and (4) an a m p l i f i e r  and automatic r eco rde r .  
High TemDerature Furnace 
* 
The d e t a i l s  of t he  h igh  temperature fu rnace  a r e  shown i n  F ig .  10. The 
test gas  is  contained i n  a z i r c o n i a  tube.  This  i s  surrounded by a c y l i n d r i c a l  
* Manufactured by t h e  Astro Corporat ion,  Santa Barbara,  C a l i f o r n i a .  
g r a p h i t e  h e a t e r .  Because of t h e  ox ida t ion  of g r a p h i t e  a t  high tempera tures ,  
a system i s  provided f o r  maintaining an i n e r t  gas  atmosphere around t h e  
hea t ing  element.  This  reg ion  i s  s e a l e d  from t h e  t e s t  c e l l  which is  suppl ied  
from an independent gas  s y s t e m .  
The e l e c t r o d i e s  and the  outer  s u r f a c e  of t he  fu rnace  a r e  water  cooled.  
A r a d i a l  tube opening t o  the  bottom makes i t  p o s s i b l e  t o  measure t h e  temp- 
e r a t u r e s  of t h e  z i r c o n i a  tube  or g r a p h i t e  h e a t e r  wi th  an o p t i c a l  pyrometer. 
The test o p t i c a l  pa th  i s  l imi t ed  t o  t h e  c e n t r a l  i so thermal  zone of t h e  
f u r n a c e  by use: of water-cooled window ho lde r s  a t  each end. The windows a r e  
made of hot-pressed z i n c  se l en ide  
l e n g t h  reg ion .  
range below 550 K.  The design of these  water-cooled window ho lde r s  a l lows 
for adjustment  of t he  test path- length.  As shown i n  F i g .  10, t h e  test gas  is  
supp l i ed  t o  t h e  z i r c o n i a  tube through passages wi th in  the  window probes.  
Two connect ions a r e  provided on each probe,  bu t  a t  p r e s e n t  only one on each 
s i d e  is  used. This  a l lows one connect ion t o  be used f o r  f l u s h i n g  and p r e s s u r e  
* 
which is t r anspa re6 t  i n  t h e  1 - 20 p wave- 
and CO i n  t h e  temperature  This  m a t e r i a l  is i n e r t  t o  H20, CO 29 
0 
c o n t r o l  . 
The r a d i a t i v e  and conductive h e a t  f l u x e s  t o  the  ends of t h e  probes a r e  
very l a r g e ,  e s p e c i a l l y  a t  higher  temperatures .  This  h e a t  f l u x  must be re- 
duced i n  o r d e r  t o  minimize t h e  r a d i a l  temperature d i s t r i b u t i o n  through t h e  
z i r c o n i a  tube.  Prel iminary t e s t s  i n d i c a t e d  t h a t  excess ive  temperature  
d i f f e r e n c e s  ac ross  the  tube can cause t h e  f a i l u r e  of t h e  z i r c o n i a  tube.  A 
* Eastman Kodak I r t r a n  4.  
molybdenum-discil icide coated molybdenum r a d i a t i o n  s h i e l d  is  used t o  reduce 
t h e  f l u x  t o  the  window probes.  Th i s  s h i e l d  is 1 . 5  inches  i n  d iameter ,  0.030 
inch  t h i c k ,  and 3.0 inches  long. The i n n e r  end i s  c losed  wi th  a d i s c  spot -  
welded t o  the tube  s h i e l d .  The test beam passes  through a 0.50 inch  diameter  
ho le  i n  t h e  c e n t e r  of the d i s c .  
Gas Supply System 
A f low diagram of t he  gas  supply system i s  shown i n  F ig .  11. Commercial 
g a s  c y l i n d e r s  (CO or C02) a r e  connected t o  t h e  two small  s t a i n l e s s  steel micro- 
r e g u l a t i n g  va lves  f o r  ad jus t ing  the tes t  gas  p r e s s u r e  i n s i d e  the  z i r c o n i a  tube.  
After t h e  s t a i n l e s s  s teel  micro-regulat ing va lves  there is  a compound p r e s s u r e  
gauge loca ted  i n  the  l i n e  leading t o  the  fu rnace  through the  window probes.  
The water  vapor supply system c o n s i s t s  of a steam gene ra t ion  u n i t  and 
accompanying c o n t r o l  valves .  The purpose of the  steam gene ra t ion  u n i t  i s  t o  
provide  high-puri ty  steam for absorp t ion  measurements and t o  reduce cor ros ion  
of components i n  t h e  fu rnace .  I t  c o n s i s t s  of a s t a i n l e s s  steel water  s t o r a g e  
tank p res su r i zed  w i t h  i n e r t  gas ,  a water  p r e h e a t e r ,  ard a s t a i n l e s s  steel 
d e a e r a t o r  t o  e l i m i n a t e  dissolved gases .  A r e g u l a t i n g  va lve  is  loca ted  i n  
the l i n e  connect ing the deaera tor  and the  evapora tor  f o r  a d j u s t i n g  the  amount 
of water  going to the evaporator .  The supply l i n e  i s  wripped w i t h  h e a t i n g  
w i r e  t o  e l i m i n a t e  the  p o s s i b i l i t y  of vapor condensing between the evapora tor  
and t h e  furnace .  
The i n e r t  gas  supply c o n s i s t s  of p re s su r i zed  N H e ,  or A r  b o t t l e s  and 
2’ 
a two-way p r e s s u r e  r e g u l a t o r .  I n  the  l i n e  from the  r e g u l a t o r  and the  fu rnace  
16 
there is  a compound p res su re  gauge. The i n e r t  gas  n o t  only s u p p l i e s  the  
fu rnace ,  bu t  i s  used t o  r e g u l a t e  the  p r e s s u r e  i n  the  steam gene ra t ion  u n i t ,  
and a l s o  f o r  f l u s h i n g  t h e  o p t i c a l  system. 
Furnace Exhaust 
The furnace  exhaust  system is designed t o  provide  proper  p re s su re  c o n t r o l  
f o r  t h e  absorbing and i n e r t  atmospheres and f o r  f l u s h i n g .  Control  of t h e  
p re s su re  i n  the  fu rnace  is accomplished by t h e  two s t a i n l e s s  s t ee l  micro- 
r e g u l a t i n g  va lves  and the  two-way p res su re  r e g u l a t o r  mentioned e a r l i e r .  The 
test g a s  exhaust  and the  i n e r t  exhaust a r e  connected t o  a vacuum pump v i a  a 
su rge  tank. A r e c i p r o c a t i n g  p i s ton  vacuum pump is  used a t  p r e s e n t ,  b u t  f o r  
f u t u r e  work w i t h  water  vapor,  a water-driven e j e c t o r  pump has been provided. 
The vacuum obtained w i t h  either system is  29.5 inches  Hg; t h e  maximum pres su re  
recommended i n  the  fu rnace  is  35 p s i g .  
O p t i c a l  System 
Figure  1 shows the main components of t h e  o p t i c a l  s y s t e m ;  the  sou rce ,  
absorp t ion  c e l l ,  and t h e  d e t e c t i o n  assembly. The source  assembly d i rec ts  
chopped co l l imated  i n f r a r e d  r a d i a t i o n  through the  abso rp t ion  c e l l  (gas  con- 
ta inment  system) i n t o  the d e t e c t o r ,  which measures t h e  r e l a t i v e  s p e c t r a l  
d i s t r i b u t i o n  of the  t ransmi t ted  r a d i a n t  energy.  
The energy is  suppl ied  t o  the o p t i c a l  s y s t e m  by a high-temperature 
0 
g loba r  which can be e l e c t r i c a l l y  heated t o  abou t  1100 C. The g l o b a r  used 
is  a s i l i c o n  ca rb ide  rod 3/16 inch i n  d iameter ,  and two inches  long. The 
beam i s  focused by a s p h e r i c a l  mir ror  on a c h o p p e r - r e c t i f i e r  u n i t  which 
d i f f e r e n t i a t e s  t h e  energy of the source  (globar)  from the  energy r a d i a t e d  
by t h e  gas .  The aluminum chopper b l ade  i s  blackened on t h e  s i d e  f a c i n g  t h e  
absorp t ion  ce l l  t o  e l imina te  r e f l e c t i o n  of energy emi t ted  by t h e  gas .  A l l  
m i r ro r s  i n  t h e  o p t i c a l  system have aluminum s u r f a c e s  because of t h e i r  high 
r e f l e c t i v i t y  i n  the  i n f r a r e d  region.  The chopped energy is col l imated  by 
an o f f - ax i s  parabolo id  mi r ro r  and d i r e c t e d  through t h e  gas  containment s y s t e m  
by a p l ane  m i r r o r ,  a s  shown i n  Fig.  8. The source  components a r e  contained 
i n  an 11 inch  by 7 i nch  by 28 inch steel box. This  con ta ine r  i s  evacuated 
and then f i l l e d  wi th  i n e r t  g a s  (N or argon) .  
2 
The p a r t i a l l y  absorbed beam, combined wi th  the  e m i t t e d  energy from the  
g a s ,  is  then focused by an o f f - a x i s  parabolo id  m i r r o r  i n  the  en t r ance  s l i t  
of a double-pass monochromator (Perkin-Elmer Model 99 ) .  The Model 99 double- 
p a s s  monochromator makes use  of p a r t  of t he  same o p t i c a l  s y s t e m  twice t o  
provide  monochromatic r a d i a t i o n  of high s p e c t r a l  r e s o l u t i o n .  
The beam from the  monochrometor pr ism i s  focused on a thermocouple 
d e t e c t o r  maintained i n  a vacuum. The A . C .  component of t he  thermocouple 
o u t p u t  r e s u l t i n g  from t h e  t ransmi t ted  energy of t h e  source  is ampl i f ied  by 
a p reampl i f i e r  i n  t h e  monochromator and by the  Model 107 a m p l i f i e r ,  and then 
recorded by a Leeds and Northrop Speedomax record ing  poten t iometer .  The 
wavelength d r i v e  u n i t  used c o n s i s t s  of a v a r i a b l e  speed D.C. motor connected 
t o  a reduct ion  gea r  box. The mi r ro r  box and the  monochromator a r e  connected 
t o  the  i n e r t  gas  supply so  tha t  they can be purged wi th  dry gas  when i n  
ope ra t ion .  
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Gas Temperature D i s t r i b u t i o n  
One of t he  o b j e c t i v e s  of the p r e s e n t  s tudy is t o  determine the  e f f e c t  of 
temperature  on t h e  abso rp t ion  of r a d i a n t  energy by gases .  For t h i s  reason i t  
i s  d e s i r a b l e  t h a t  t h e  temperature a long t h e  absorp t ion  path- length be a s  
uniform a s  p o s s i b l e .  To i n v e s t i g a t e  t h e  temperature  d i s t r i b u t i o n  i n  t h e  t es t  
zone a thermocouple probe was designed and mounted i n  one of t he  water-cooled 
window holders  ( s e e  F ig .  12). This probe was f a b r i c a t e d  from 1/16 inch  O.D.  
p la t inum sheathed cab le  containing platinum-platinum 13% rhodium w i r e s  i n  
magnesium oxide.  The thermocouple j u n c t i o n  was surrounded by two con- 
c e n t r i c  plat inum r a d i a t i o n  s h i e l d s ,  1/4 inch  and 1/2 inch  i n  d iameter ,  re- 
s p e c t i v e l y .  The probe was pos i t ioned  a x i a l l y  by means of a t r a v e r s i n g  screw 
thread .  Typical  temperature  measurements a r e  shown i n  F ig .  13. I t  i s  
apparent  from Fig .  13 t h a t  a t  temperatures above 1200 K t h e  temperature  of 
t h e  gas along the  o p t i c a l  path- length i s  no t  uniform. Var i a t ions  a r e  of 
t h e  o r d e r  of 300 K.  A rough e s t ima te  of t h i s  e f f e c t  shows t h a t  t h e  a c t u a l  
pa th- length  may d e v i a t e  from t h e  equ iva len t  i so thermal  pa th- length  by 15 
0 
0 
percen t  or less. There a r e  seve ra l  p o s s i b l e  furnace  mod i f i ca t ions  t o  improve 
t h i s  temperature non-uniformity,  such a s  by c o n t r o l l i n g  the  a x i a l  r e s i s t a n c e  
of t h e  g r a p h i t e  h e a t e r ,  and by employing ceramic winder ho lde r s  t o  withstand 
h igh  temperatures .  Data reported i n  the  fo l lowing  s e c t i o n ,  however, were 
obtained without  such s y s t e m  modi f ica t ions .  
19 
Resul t s  f o r  Carbon Monoxide 
0 
I n i t i a l  t e s t i n g  has  been conducted wi th  CO a t  temperatures  of 300 K 
and 1800 OK f o r  pa th- lengths  of 10 c m  and 20 c m  and p res su res  from (1/4) t o  
3 atmospheres. I n  o r d e r  t o  account f o r  o p t i c a l  e f f e c t s  o u t s i d e  of &he 
abso rp t ion  pa th- length ,  a re ference  run i s  made f o r  each test condi t ion .  
The o p t i c a l  r e s o l u t i o n  of t h e  monochromator being used is  n o t  high enough t o  
d e t e c t  l i n e  shapes ( i . e . 9  t h e  o p t i c a l  s l i t - w i d t h  i s  l a r g e r  than the  l i n e  
ha l f -wid th) .  Because of t h i s ,  Lambert-Beer's law can n o t ,  i n  g e n e r a l ,  be 
used f o r  t he  a n a l y s i s  of experimental  d a t a .  Therefore ,  t o  avoid any a 
p r i o r i  assumption of band s t r u c t u r e  t o  analyze t h e  d a t a ,  i t  i s  necessary t h a t  
t h e r e  be no residue-gas absorpt lon dur ing  the  r e f e r e n c e  run (accomplished by 
purging wi th  a non-absorbing gas) .  Under these  cond i t ions  
T = T  T a t r  (33) 
1 
where T i s  t h e  s p e c t r a l  t r ansmiss iv i ty  of t h e  test g a s ,  T is a measured 
q u a n t i t y  p ropor t iona l  t o  t r ansmiss iv i ty  and t h e  s u b s c r i p t s  a and r denote  
t 
abso rp t ion  and r e fe rence  runs  r e spec t ive ly .  Equation (33) holds  r e g a r d l e s s  
of t he  band s t r u c t u r e  a s  long as t h e  t r a n s m i s s i v i t i e s  f o r  r e fe rence  runs  
a r e  nea r ly  grey.  Care must a l so  be taken t o  select  a s l i t - w i d t h  which w i l l  
n o t  a f f e c t  t h e  measurements of s p e c t r a l  a b s o r p t i v i t y  over  t he  range of wave- 
l eng ths  being i n v e s t i g a t e d .  
20 
Room Temperature Resu l t s  
Carbon monoxide a t  room temperature cond i t ions  has been ex tens ive ly  
A s e t  of measurenents of CO a t  t he  room temperature  (300 OK) 
was t h e r e f o r e  made t o  check with t h e s e  e x i s t i n g  d a t a .  F igu res  14 and 15 show 
two sets of s p e c t r a l  a b s o r p t i v i t i e s  a t  pa th- lengths  of 10 crn and 20 e m  re- 
s p e c t i v e l y  f o r  p re s su res  of 1 / 4 ,  1 /2 ,  1, 2 and 3 atmospheres.  The i n t e g r a t e d  
band a b s o r p t i v i t i e s  A ,  
A = dw 
-1 Table  1: In t eg ra t ed  Band Absorp t iv i e s  i n  Cm of 
CO Fundamental a t  300 OK 
(34) 
pa th  l e n g t h  = 10 c m  pa th  l e n g t h  I 20 cm 
Pres su re  P res  en t Burch and P resen t  Burc'h and 
w i  11 iams20 20 i n  atm W i  11 i ams 
1 /4 45 42 66 60 
1/2 89 85 122 110 
1 148 120 169 150 
2 184 160 210 190 
3 205 185 226 2 10 
The p r e s e n t  r e s u l t s  a r e  c o n s i s t e n t l y  h igher  than Burcn and Williams r e su l t s  
(da t a  by Penner and Weber i s  n o t  i n  t h e  p re sen t  r ange ) ,  bu t  the dev ia t ion  12 
is  less than 10 pe rcen t .  This  considered t o  be accep tab le  f o r  t h i s  type of 
measurement. 
High Temperature R e s u l t s  
0 Shown i n  F igs .  16 and 17 a r e  two sets of s p e c t r a l  a b s o r p t i v i t i e s  a t  1800 K 
f o r  pa th- lengths  of 10 cm and 20 cm, r e s p e c t i v e l y ,  and p res su res  of 1, 1-1/22> 
2 ,  2-1/2 and 3 atmospheres.  The only e x i s t i n g  resul ts  which can be compared 
wi th  t h e  p r e s e n t  s tudy  a r e  those of Davies '  shock-tube s tudy ~ H e  ob ta ined  
s p e c t r a l  a b s o r p t i v i t i e s  of CO a t  wavelengths of 4 .60,  4.67 and 4.72 p f o r  
temperatures  from 1160 
temperatures  and path- lengths  from those  of p r e s e n t  d a t a ,  a l i n e a r  r e l a t i o n  
was used fox  t h e  i n t e r p o l a t i o n  of temperatures  and the  Lambert-Beer's law 
15  
0 
K to  2300 OK. S ince  d a t a  a r e  g iven  a t  d i f f e r e a t  
was used f o r  t h e  i n t e r p o l a t i o n  of pa th- lengths  ~ These i n t e r p o l a t i c n s  a r e ,  
of course ,  approximate.  The comparison of p r e s e n t  r e s u l t s  averaging over 
d i f f e r e n t  p re s su res  based on data a t  a pa th- length  of 10 c m  w i th  those  of 
Davies is shown i n  t h e  fol lowing t a b l e :  
-1 -1 Table 2 :  S p e c t r a l  I n t e n s i t i e s  i n  atm c m  of 
CO Fundamental a t  TemDerature of 1800 "K 
4.60 u 4.67 u 4.72 u 
P resen t  0.053 0.040 0 046 
Davies 0.054 0.035 0.035 
15 
The agreement i s  very good consider ing t h e  d i f f e r e n t  experimental  cond i t ions  
and the  approximate i n t e r p o l a t i o n s  used i n  t h e  comparison. 
22 
According t o  t h e  theory of molecular spec t roscopy,  t he  i n t e n s i t i e s  of 
fundamental bands a r e  temperature-independent , whi le  t h e  i n t e n s i t i e s  of  non- 
fundamental bands (over tone ,  combination and d i f f e r e n c e  bands) a r e  temperature- 
dependent.  And t h e  v a r i a t i o n  i n  t he  i n t e n s i t i e s  can be s a t i s f a c t o r i l y  
descr ibed  by a harmonic-osc i l la tor  approximation. Therefore ,  t he  r a t i o  of 
r e l a t i v e  magnitudes of i n t e n s i t i e s  of non-fundamental bands t o  those  o f  
fundamental band i n c r e a s e s  wi th  temperature.  A t  h igh  temperature ,  t h i s  
y i e l d s  , ins teady  of a simple fundamental band a t  room temperature ,  a 
composite band composed of non-fundamental bands a s  w e U  a s  s imple fund- 
amental  band i n  the 2143 c m  region.  The composite band can be  adequately 
descr ibed  by random E l s a s s e r  model or a r e  s t a t i s t i c a l  model, which is  t h e  
l i m i t i n g  case  of t h e  random E l s a s s e r  model when t h e  number of components, 
N ,  of the  random E l s a s s e r  model i nc reases .  
-1 
The main c h a r a c t e r i s t i c  of t h e  s t a t i s t i c a l  model f o r  l i n e s  wi th  a 
18 
Lorentz  shape can be expressed by t h e  formula 
where T is t h e  s p e c t r a l  t r ansmiss iv i ty ,  P t h e  p re s su re ,  d t h e  average l i n e  
spac ing ,  w t h e  average equiva len t  width a t  u n i t  p re s su re .  The q u a n t i t y  
(w/d) is a func t ion  of temperature and path- length bu t  n o t  a func t ion  of 
p re s su re .  The d a t a  g iven  i n  Figs .  16 and 17 a r e  c a l c u l a t e d  t o  show whether 
t he  va lues  of (w/d) can be co r re l a t ed  according t o  t h e  s t a t i s t i c a l  model. 
The r e s u l t s  a r e  shown i n  F igs .  18 and 19 for t h e  pa th- lengths  of 10 ern and 
W 
20 cm r e s p e c t i v e l y .  The da ta  po in t s  i n  F ig .  17 show r e l a t i v e l y  f a i r  agreement 
whi le  those  i n  F ig .  19 do no t  c o r r e l a t e  s o  w e l l .  
Weak-Line Approximation 
I n  the  weak-line approximation reg ion  Lambert-Beer's law i s  v a l i d .  Hence 
f o r  t he  same o p t i c a l  path- length (product  of p re s su re  and geometr ica l  pa th-  
l eng th )  a b s o r p t i v i t i e s  a r e  expected t o  be equal .  A check on t h i s  p o i n t  w i l l  
e a s i l y  r e v e a l  whether t h e  gaseous cond i t ions  a r e  i n  t h i s  reg ion  for a c e r t a i n  
band. K and 1800 OK 
r e s p e c t i v e l y .  Two experimental  curves  a r e  shown i n  F ig .  20 for path- lengths  
of 10 c m  and 20 cm toge the r  with t h e  t n e o r e t i c a l  weak-line approximation 
curve  of Malkmus and Thornson'' a l l  a t  room temperature  and a t  an o p t i c a l  path-  
l e n g t h  of 10 atm-cm. A s i m i l a r  p l o t  of curves  a t  a temperature  of 1800 K 
and a t  an o p t i c a l  pa th- length  of 30 atmecm is  g iven  i n  F ig .  21. These r e s u l t s  
i n d i c a t e  t h a t  f o r  temperatures  a t  and lower than 1800 K and for path- lengths  
a t  and l a r g e r  than 10 cm t h e  weak-line approximation does n o t  ho ld ,  With 
f u r t h e r  decrease  of t he  path- length,  t he  weak-line approximation w i l l  
0 This  i s  done i n  F igs .  20 and 21 f o r  temperatures  of 300 
0 
0 
even tua l ly  be s a t i s f i e d .  Fur ther  i n c r e a s e  of temperature  may a l s o  cause 
an approach t o  weak-line approximation, because a s  t he  l i n e  popula t ion  becomes 
h ighe r  and h ighe r ,  l i n e s  smear o u t  ana become cont inuous.  
24 
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FIG. I THE SEMI-INFINITE CYLINDRICAL GAS BODY 
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FIG. 18 SPECTRAL VALUES OF -(hTw)/P FOR CO FUNDAMENTAL 





+ 3 atm 
0 2 i a t r n  
0 . 2  atm 
I A 17 atm 
x I atm 
0.2 1 I I 
2100 2200 2 300 2000 
WAVE NUMBER , cm-' 
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